The ratio of the lengths of the 2nd and 4th digits (2D:4D) is considered an index of prenatal exposure to androgen. Indeed, androgen receptors have been linked to digit length, but estrogen receptors are rarely investigated in this context. Thus, we investigated the association between estrogen receptor 1 (ESR1) genetic polymorphisms and 2D:4D in school-aged children. The 2D:4D ratios were determined using Vernier calipers from photocopies of palms provided by 1800 children aged 7 years who were enrolled in an ongoing prospective cohort study in Hokkaido, Japan. The children were genotyped using cord blood collected at birth for single nucleotide polymorphisms in ESR1, specifically PvuII (T > C, dbSNP: rs2234693), XbaI (A > G, dbSNP: rs9340799), and rs2077647 (A > G). The association between ESR1 polymorphisms and 2D:4D was assessed by multiple linear regression adjusted for potential cofounding factors. Boys with the GG genotype at rs9340799 had a significantly lower 2D:4D in the right hand than boys with the AA/AG genotype (−0.96% lower, 95% confidence interval: −1.68 to −0.24). However, this association was detected only in boys born to non-smoking mothers. No significant differences were found between rs9340799 polymorphisms and 2D:4D among girls. There was also no link between 2D:4D and polymorphisms at rs2234693 and rs2077647. These data suggest that rs9340799 polymorphisms in ESR1 may contribute to digit length and 2D:4D.
Introduction
The ratio of the length of the 2nd and 4th digits in human hands (2D:4D) tends to be lower in males than in females [1] . This ratio is believed to be fixed by the 14th week of gestation, at which time it is negatively correlated to prenatal testosterone and positively to prenatal estrogen levels, and remains stable throughout gestation and puberty [1] [2] [3] . There are practical and ethical issues related to measuring hormone levels in a developing fetus. Therefore, 2D:4D is commonly used as a non-invasive retrospective index of prenatal exposure to androgen and estrogen. However, the majority of research in this field following the seminal report by Manning et al. [1] has focused on prenatal androgen, while the effects of prenatal estrogen exposure have been somewhat neglected.
Studies in humans with complete androgen insensitivity have shown strong feminization of 2D:4D; however, the considerable individual variation [4, 5] suggests the prenatal influence of a factor other than testosterone on 2D:4D, which is likely to be prenatal estrogen. In 2011, Zheng and Cohn [6] confirmed the influence of both testosterone and estrogen on 2D:4D. Specifically, they reported that 2D:4D in mice is determined by the balance of prenatal testosterone and estrogen in a narrow window during fetal digit development. Indeed, androgen receptors (ARs) enhance chondrocyte proliferation in the 4th digit, and are required to lower the 2D:4D in males, whereas estrogen receptors (ERs) inhibit chondrocyte proliferation in the 4th digit and are required to establish a relatively high 2D:4D in females. However, since both ARs and ERs are detected in human fetal cartilaginous tissue at 10 weeks of gestation [7] , it is possible that differences in receptor activity may affect sex differentiation, including 2D:4D.
ERs, including the two major forms ERα and ERβ, regulate the biological activity of estrogen [8, 9] . ERα plays a key role not only in reproduction but also in several non-reproductive tissues [10] . ERα is encoded by the gene estrogen receptor 1 (ESR1), which is located on chromosome 6q25.1 [11, 12] . There are two well-known and functional single nucleotide polymorphisms of ESR1, PvuII (T > C, dbSNP: rs2234693) and XbaI (A > G, dbSNP: rs9340799), both which are located in intron 1 [13] [14] [15] [16] , along with the silent polymorphism rs2077647 (A > G) located at codon 10 in exon 1 [17] . Based on the HapMap project, the minor homozygous frequencies of the CC genotype at rs2234693, the GG genotype at rs9340799, and the GG genotype at rs2077647 are 12.8%, 4.4%, and 11.6%, respectively, in Japan. Although the specific effect of these polymorphisms on ESR1 function remain unclear, the dominant T allele at rs2234693 and the A allele at rs9340799 have been suggested to enhance ERα activity [18, 19] , while the G allele at rs2077647 was proposed to shorten or feminize the anogenital distance, another maker of prenatal androgen exposure [20] .
Several familial studies have provided evidence that 2D:4D is heritable, with genetic contributions explaining ∼60% of the phenotypic variance [21, 22] . In accordance with the hypothesis that 2D:4D reflects prenatal androgen exposure, CAG repeats in ARs, which may indicate sensitivity to androgens, have been extensively investigated [23] [24] [25] . In contrast, only one report to date has explored the relationship between 2D:4D in adult males and ERs, which focused on the TA repeats in the ESR1 promoter [26] . Indeed, the relationship between ESR1 polymorphisms and 2D:4D, if any, is unknown.
Previously, we observed that 2D:4D in school-aged male children is negatively correlated with dehydroepiandrosterone and insulin-like factor 3 levels in cord blood collected at birth, but is not associated with cord estradiol or testosterone levels [27, 28] . However, these cord blood associations with 2D:4D are likely to be weak because much of the variance in 2D:4D is determined in the first trimester of development. In order to consider the effect of variation in ESR1 on this early development of 2D:4D, we hypothesized that ESR1 polymorphisms that are known to enhance ERα activity, (e.g., rs2234693, rs9340799, and rs2077647) may affect 2D:4D. To test this hypothesis, we evaluated the association of 2D:4D ratios with genotype distributions of these three polymorphisms in 1800 children aged 7 years who were enrolled in an ongoing prospective cohort study in Hokkaido, Japan.
Materials and methods

Participants
This study is based on an ongoing, prospective birth cohort of the Hokkaido Study on Environment and Children's Health (Hokkaido large-scale cohort), as described previously [29] [30] [31] . Briefly, 20,926 local Japanese women who received routine prenatal health care in the first trimester (< 13 weeks of gestation) at 37 hospitals and clinics in Hokkaido prefecture were recruited from February 2003 to March 2012. A total of 8663 offspring born between May 2003 and November 2006 were subsequently considered for this study, 5044 of whom could be contacted at 7 years old and thus were requested to provide photocopies of both palms. Photocopies were received from 1983 children, representing a response proportion of 39.3%. Finally, 1800 children were included in the present 2D:4D analysis after eliminating subjects without available birth records or sufficient cord blood samples for genotyping (Fig. 1). 
Measurement of 2D:4D
Digit length from the digital flexion crease to the tip of the finger was measured to 0.5 mm on ventral photocopies of both palms, using steel Vernier calipers. The ratio was calculated by dividing the length of the 2nd digit by that of the 4th digit. Measurements of 2D:4D were performed by the first observer, and the second observer checked and confirmed the results. All 2D:4D data of the 1800 participants were double-checked in the same manner by the same two observers blinded to participant information. The mean 2D:4D value was calculated as (right 2D:4D + left 2D:4D)/2, and the values were multiplied by 100 and displayed as percentages.
ESR1 genotyping
Using Maxwell 16 Blood DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer's protocol, genomic DNA was extracted from 400 μg of umbilical cord blood collected at delivery [32] . rs2234693, rs9340799, and rs2077647 polymorphisms were determined by TaqMan PCR as described in the manufacturer's protocol (Applied Biosystems, Foster, CA, US). Briefly, samples were genotyped using StepOne Real-Time PCR Systems (Applied Biosystems) and a fluorogenic 5′-nuclease assay with TaqMan Minor Groove Binder probes (Applied Biosystems). Each reaction contained 1.0 μL genomic DNA, 0.25 μL TaqMan 40× Assay On-Demand SNP Genotyping Assay Mix (Applied Biosystems), 5.0 μL TaqMan GTXpress™ Master Mix, and 3.75 μL distilled water. Reactions consisted of initial denaturation for 20 s at 95°C, followed by 40 cycles of denaturation at 95°C for 3 s, and annealing and extension at 60°C for 20 s. To assess the genotyping quality of each genetic polymorphism, 47 randomly selected samples that were successfully genotyped were genotyped again; the results were 100% concordant.
The dominant model consisted of TT vs. TC/CC for rs2234693, AA vs. AG/GG for rs9340799, and AA vs. AG/GG for rs2077647, while the recessive model consisted of TT/TC vs.CC for rs2234693, AA/AG vs. GG for rs9340799, and AA/AG vs. GG for rs2077647 [33, 34] .
Questionnaires and medical records
Maternal pre-pregnancy height and weight, parity, educational level, household income, alcohol consumption, and smoking habit information were collected from questionnaires self-administered in the first trimester of pregnancy. A mother was considered a smoker or drinker in the first trimester if she had quit smoking or drinking by 16 weeks of gestation. Birth records from hospitals provided gestational age, infant sex, singleton or twin birth, and congenital anomalies, if any.
Statistical analyses
The characteristics of the children and mothers are expressed as means or percentages, and were compared between males and females by an independent t-test or chi-squared test. Sex-stratified mean 2D:4D data were analyzed by an independent t-test, Pearson's correlation, or one-way analysis of variance, following assessment of normality by Shapiro-Wilk test. The Mann-Whitney U test or chi-squared test was used when comparing the means or percentage between children with normal birth weight (NBW, ≥2500 g) and those with low birth weight (LBW, < 2500 g). P-values were calculated for a genotype model between males and females by one-way analysis of variance. The association of ESR1 polymorphisms and 2D:4D was assessed using multiple linear regression adjusted for covariates such as the children's sex, birth weight, and maternal alcohol consumption and smoking in the first trimester. To evaluate the effect of smoking on the relationship between ESR1 polymorphisms and 2D:4D, multiple linear regression analysis was stratified by maternal smoking in the first trimester. We also evaluated the gene-environment interaction between the sex of children, maternal smoking in the first trimester, and ESR1 polymorphism by linear regression analyses. All statistical analyses were performed in JMP pro 13 (SAS Institute, NC, USA). A p value < 0.05 was considered significant, and Bonferroni corrections were used for multiple comparisons.
Ethical considerations
This study was approved by the Institutional Ethical Board for Epidemiological Studies at Hokkaido University Graduate School of Medicine and Hokkaido University Center for Environmental and Health Sciences. All adult participants provided written informed consent. Informed consent on behalf of enrolled children was provided by the parents. The Institutional Ethical Board for Human Gene and Genome Studies at Hokkaido University Graduate School of Medicine also approved the study protocol.
Results
Mean 2D:4D and cohort characteristics
Mean 2D:4D was normally distributed in all children, regardless of sex (Fig. 2) , but was significantly different when stratified by sex and showed negative correlation with birth weight (Table 1) . Right and left 2D:4D were significantly lower in males than in females (right: 93.5% vs. 94.9%, p < 0.001; left: 92.9% vs. 94.4%, p < 0.001). Only one male with proximal hypospadias was included in the cohort. The characteristics of the total participants (n = 8663), participants contactable at 7 years old (n = 5044), and participants of the present analysis (n = 1800) are shown in Supplemental Table 1 . The present participants (n = 1800) tended to have a higher age at delivery, higher annual house hold income, higher educational level, and lower smoking rate in the first trimester than the other two groups. Participants' characteristics and mean 2D:4D in the NBW and LBW groups are shown in Supplemental Table 2 . Children with LBW showed a significantly higher percentage of females and primiparous, shorter gestational age, and lower pre-pregnancy body mass index than those with NBW. In addition, children with LBW showed a higher mean 2D:4D than those with NBW (95.2 ± 3.4% vs. 93.8 ± 3.2%; p < 0.001).
Frequency of ESR1 polymorphisms
The minor homozygous frequencies for rs2234693 (T > C), rs9340799 (A > G), and rs2077647 (A > G) were 18.5%, 2.9%, and 16.2%, respectively. No significant deviation in genotype frequency was observed between males and females ( Table 2 ).
3.3. Association between rs2234693, rs9340799, and rs2077647 with 2D:4D
As shown in Table 3 and Fig. 3 , the genotype models showed that children with the GG genotype at rs9340799 had a lower mean 2D:4D (% difference −0.85, 95% confidence interval −1.50, −0.20) in comparison to children with the AA genotype. However, this association was lost in girls after stratification by sex. By contrast, children with the AG genotype had a higher right 2D:4D (% difference 0.66, 95% confidence interval 0.22, 1.10) compared with that of all children with the AA genotype, while those with the GG genotype had a lower right 2D:4D (% difference −1.12, 95% confidence interval −1.87, −0.37). After stratification by sex, statistical significance was detected in GG males (% difference −1.29, 95% confidence interval −2.26, −0.32), but not in AG males (Table 3) .
In recessive models, GG children had a lower mean 2D:4D (% difference −0.63, 95% confidence interval −1.12, −0.14) in comparison with AA/AG children, and a similar relationship was also detected in males (% difference −0.78, 95% confidence interval −1.41, −0.15). Similarly, GG children had a lower right 2D:4D in comparison to AA/ AG children (% difference −0.82, 95% confidence interval −1.38, −0.26), with the same relationship observed in males (% difference −0.96, 95% confidence interval −1.68, −0.24). No significant relationships were noted between rs9340799 and left 2D:4D among all participants or among males. Female 2D:4D was not linked to rs9340799 regardless of genotype model or laterality.
The effect of maternal smoking in the first trimester on the association between rs9340799 and right 2D:4D is summarized in Table 4 . In a genotype model of non−smoking mothers, AG children had a higher right 2D:4D (% difference 0.70, 95% confidence interval 0.17, n (%) or Mean ± SD. a Means or percentages between males and females were compared with the independent t-test or χ 2 -test. b Mean 2D:4D stratified by cohort characteristics was compared with an independent t-test, Pearson's correlation (r), or one-way analysis of variance.. significant interaction between the child's sex, maternal smoking, and the rs9340799 polymorphism in the genotype, dominant, or recessive model (p for interaction = 0.209, 0.532, and 0.204, respectively; data not shown).
We found no association between rs2234693 and rs2077647 and 2D:4D (Supplemental Tables 3 and 4) , regardless of maternal smoking in the first trimester (data not shown).
Discussion
This is the first report linking ESR1 polymorphisms to 2D:4D in school-aged children. We found that the ESR1 polymorphisms of rs2234693 and rs2077647are not associated with 2D:4D; however, the GG genotype of rs9340799 was linked to a lower right 2D:4D in comparison to that in children with the AA/AG genotype. These the data suggest that ESR1 polymorphisms may affect digit length and hence 2D:4D.
Previously, the GG genotype at rs9340799 was reported to lower ERα activity [18] . Accordingly, lower ERα activity may diminish inhibitory effects against development of the 4th digit, or, alternatively, boost the stimulatory effects of androgen receptors. However, children with the AG genotype showed a higher right 2D:4D than those with the AA genotype. One possibility to explain this result is that the A allele increases the 2D:4D, as assumed by the recessive model and supported by the lack of association in the dominant model. Another possibility is that rs9340799 polymorphisms are in linkage disequilibrium with other polymorphism affecting ESR1 function.
Prenatal testosterone production occurs from 8 weeks of gestation in fetal testes, and serum testosterone levels are 3-to 8-fold higher in males than in females between the 12th and 20th weeks of gestation [35] , whereas prenatal estrogen levels are believed to be very low before 20 weeks of gestation [36] . Thus, it is likely that prenatal testosterone in the male fetus is partially converted by aromatase, which is expressed in the placenta by 7 weeks of gestation. Since aromatase converts testosterone to 17β-estradiol, the major active form of estrogens [37] , the effects of ESR1 polymorphisms on 2D:4D become apparent only in males but not in females, as observed in the present study. Indeed, in addition to ERα, estrogens generated from testosterone by aromatase are considered, to play an important role in the masculinization of the brain or in the development of the male reproduction system [38, 39] . Accordingly, placental aromatase was previously linked to 2D:4D [1, 40] . However, we did not examine aromatase activity in the placenta, and thus the extent to which the enzyme affected 2D:4D in our cohort is unknown and would require further investigation.
The effects of ESR1 polymorphisms on 2D:4D were also particularly pronounced in the right hand. Although the underlying mechanisms for this phenomenon are unknown, Tanner [41] noted that sexually dimorphic traits, including 2D:4D, tend to be expressed in the "male form" on the right side of the body. A similar rightward structural asymmetry is observed in the human brain, for which sex chromosomes or prenatal sex hormone levels have been implicated [42, 43] . Further, laterality in the relationship between male 2D:4D and testosterone level or CAG repeats in ARs was previously reported [1, 23] . Further, the association between rs9340799 polymorphisms and 2D:4D was present only in children born to non-smoking mothers, in agreement with the deleterious effects of prenatal smoking on intrauterine hormones. Indeed, prenatal nicotine has been shown to boost testosterone levels in ovine fetuses [44] , whereas maternal smoking during pregnancy decreases prenatal testosterone in humans, resulting in an increased risk of undescended testes, adverse effects on semen quality, or significant reduction of germ cell numbers in embryonic testes [45] [46] [47] . Moreover, prenatal exposure to maternal smoking was linked to ovarian toxicity [48] and early menarche [49] , although the underlying mechanisms are unknown. We speculate that maternal smoking in our cohort also altered prenatal hormones, thereby masking the effects of rs9340799 polymorphisms. However, there was no significant gene-environment interaction between the child's sex, maternal smoking in the first trimester, and rs9340799 polymorphism, suggesting that the influence of the rs9340799 polymorphism was large among non-smokers. Of note, 85.4% of the non-smoking mothers in our cohort were also non-drinkers, and the association between ESR1 polymorphisms and right 2D:4D persisted among children of nonsmokers and non-drinkers (data not shown).
We found a significant difference in 2D:4D between the LBW and NBW groups. Klimek et al. [50] reported that a low 2D:4D was related to higher birth weight due to a greater prenatal testosterone level accelerating fetal growth. However, Park et al. [51] did not confirm this relationship. Since few studies have examined the association between birth weight and 2D:4D to date, further investigation is warranted to clarify these relationships and the underlying mechanism.
Some studies have questioned the validity of 2D:4D as an index of prenatal androgen exposure due to the possible lack of association with androgen receptors or to potential effects of other genetic variations on 2D:4D [52, 53] . For example, Warrington et al. [25] reported that a meta-analysis of genome-wide association studies did not show strong evidence for 2D:4D as a direct biomarker of prenatal androgen exposure, although weak evidence was noted for the link between 2D:4D and CAG repeats in the ARs. Thus, further genetic studies demonstrating the validity of 2D:4D as an index of prenatal androgen exposure are required.
In comparison to previous studies [25, 53] , we believe our cohort of 1800 children is the largest single cohort of its kind for evaluating the association between genetic factors and 2D:4D in 7-year-old children. However, one of the main limitations of this study is the lack of detailed information on the strength of the association between the ESR1 polymorphism and its effect on the function of ERα. As mentioned above, variation in CAG repeats of the androgen receptor gene may have only a weak effect on androgen receptor function, resulting in a weak effect on the association between CAG repeats and 2D:4D [25, 52] . Therefore, it should be noted that any observed link between ESR1 polymorphisms and 2D:4D is not direct correlational evidence that 2D:4D is linked to estrogen. Another limitation is the possibility of selection bias in this study. In particular, since the subset of participants included in this study showed a lower smoking rate than that of the complete cohort (n = 8663) or among only those that were contactable at 7 years old (n = 5044), this difference may have affected the association between ESR1 polymorphisms and 2D:4D. Animal models have also shown that prenatal exposure to endocrine-disrupting chemicals induces feminized 2D:4D in male rats [54] , and interactions between endocrine-disrupting chemicals and ESR1 polymorphisms have been described in humans [55] . Therefore, we plan to further investigate the interactions between ESR1 polymorphisms, endocrine-disrupting chemicals, and 2D:4D in school-aged children.
Conclusion
Overall, our results suggest that a single polymorphism in rs9340799 of the ESR1 gene may be associated with 2D:4D in schoolaged children, especially in the male right hand, although maternal smoking in the first trimester may modify this relationship. Single polymorphisms of rs2234693 and rs2077647 do not appear to be linked to 2D:4D in any condition.
